Despite extensive studies on [NiFe]-hydrogenases, the mechanism by which these enzymes produce and activate H 2 so efficiently remains unclear. A well-known EPR-active state produced under H 2 and known as Ni-C is assigned as a Ni III −Fe II species with a hydrido ligand in the bridging position between the two metals. It has long been known that low-temperature photolysis of Ni-C yields distinctive EPR-active states, collectively termed Ni-L, that are attributed to migration of the bridging-H species as a proton; however, Ni-L has mainly been regarded as an artifact with no mechanistic relevance. It is now demonstrated, based on EPR and infrared spectroscopic studies, that the Ni-C to Ni-L interconversion in Hydrogenase-1 (Hyd-1) from Escherichia coli is a pH-dependent process that proceeds readily in the darkproton migration from Ni-C being favored as the pH is increased. The persistence of Ni-L in Hyd-1 must relate to unassigned differences in proton affinities of metal and adjacent amino acid sites, although the unusually high reduction potentials of the adjacent Fe−S centers in this O 2 -tolerant hydrogenase might also be a contributory factor, impeding elementary electron transfer off the [NiFe] site after proton departure. The results provide compelling evidence that Ni-L is a true, albeit elusive, catalytic intermediate of [NiFe]hydrogenases.
■ INTRODUCTION
Hydrogenases are Ni-and Fe-based enzymes that catalyze highly efficient and reversible H 2 cycling. 1, 2 A major class known as [NiFe]-hydrogenases activate H 2 at a buried binuclear site formulated as [(Cys-S) 2 -Ni-(μ 2 -Cys-S) 2 -Fe(CN) 2 CO] that is served by an electron relay system of Fe−S clusters. Although physical techniques such as EPR and IR spectroscopy have played important roles in the characterization of different states of the enzyme, no consensus exists regarding the detailed mechanism. However, there is general agreement that reaction with H 2 leads to a sequence of the catalytic cycle (see Scheme 1 and legend) in which an H 2 -reduced state known as Ni-R which contains a bridging hydrido ligand 3 is oxidized in two oneelectron steps to a state known as Ni-SI (also known as Ni-S), Ni-R and Ni-SI states of the active site each being EPR-silent. 1 The one-electron intermediate state known as Ni-C, which is EPR-active, retains the hydrido ligand in the bridging position between Ni and Fe. 4−6 At cryogenic temperatures, exposure of Ni-C to visible light results in the formation of states collectively known as Ni-L; 7−11 more than one Ni-L species is usually observed, and the spectroscopic signatures are often referred to as Ni-L1, Ni-L2, etc. Detailed EPR investigations have indicated that during photolysis, the bridging hydride assigned to Ni-C is released as a proton, which is assumed to migrate to one or more nearby amino acids, including coordinated cysteine, in the Ni-L states. 12, 13 Consequently, Ni-C and Ni-L species, although usually assigned as Ni(III) and Ni(I) states, respectively, can be regarded as tautomeric forms of the extended active site at a single oxidation level. 12 Scheme 1 includes the possibility (shown in gray) that conversion of Ni-C to Ni-SI during the catalytic cycle involves Ni-L as an intermediate. The fact that Ni-L has mainly been reported to appear only upon illumination and at cryogenic temperatures has resulted in it generally being considered only as an artifact: yet, despite this distraction, considerable interest in Ni-L has persisted, not least because its electronic structure and relationship with Ni-C provide important fundamental insight and predictions that can be tested using model complexes. 14 Neese and co-workers have compared the spectroscopic properties and electronic structures of Ni-C and Ni-L and suggested that it is realistic to consider that Ni-L contains a metal−metal bond in the form of an electron pair donated from Ni(I) to Fe(II). 12 Protonation of this dative metal−metal bond gives rise to Ni-C, the Ni becoming formally oxidized to Ni(III) as the proton takes on hydridic character. 6 Inclusion of Ni-L, even transiently, avoids the restriction that interconversion between Ni-C and Ni-SI would require simultaneous elementary proton and electron transfers, allowing instead the bridging hydride to relocate (as a proton) before an electron is removed. Consequently, Ni-L should appear as a catalytic intermediate, detectable in at least one direction (in this case oxidation), if electron transfer is sufficiently slower than proton transfer.
There is indeed increasing evidence to suggest a direct role for Ni-L in the catalytic cycle. Earlier DFT studies of the catalytic cycle provided support for a process in which deprotonation of a Ni(III) state with bridging hydride occurs to give a Ni(I) state having a structure consistent with that suggested for Ni-L. 15, 16 Lindahl included Ni-L in the catalytic cycle as part of a 2012 paper dealing with metal−metal bonds in enzymes. 17 Some recent experimental findings also shed doubt on whether Ni-L is merely an artifact. The observation most relevant to this paper is that EPR spectra of samples of Hydrogenase-1 (Hyd-1) from Escherichia coli prepared under H 2 at pH 6 are dominated by signals attributable to Ni-L, as opposed to Ni-C, even when the samples have been exposed only to low ambient light. 18 It may be significant, as discussed later, that Hyd-1 is an O 2 -tolerant [NiFe]-hydrogenase, a special class that can operate in the presence of O 2 that differs from "standard" (O 2 -sensitive) [NiFe]-hydrogenases mainly in the composition and reduction potentials of Fe−S clusters in the electron relay. 19−26 The O 2tolerant membrane-bound hydrogenase from Ralstonia eutropha also shows signals attributable to Ni-L without illumination. 27 Notably, another O 2 -tolerant [NiFe]-hydrogenase (Hase I from Aquifex aeolicus) displays the characteristic EPR spectrum of Ni-C when reduced with H 2 , but the bridging hydrido ligand is weakly bound compared to standard [NiFe]-hydrogenases, and even EPR spectra measured without illumination indicate the presence of small amounts of Ni-L. 28 In a study 29 of the standard [NiFe]-hydrogenase from Desulfovibrio vulgaris Miyazaki F, it was found that low-temperature illumination of a sample of Ni-C to produce the Ni-L state resulted in significant formation of Ni-SI only when the enzyme was held under an atmosphere of N 2 instead of H 2 . The effect of removing or adding H 2 was attributed to differences in the redox state of the proximal Fe−S cluster, which was proposed to act as a "gate" for the transition from Ni-C to Ni-SI in the catalytic cycle. According to this hypothesis, if the proximal cluster is reduced (as favored under H 2 ), the elementary one-electron transfer from Ni-L to yield Ni-SI is impeded. Most recently, a transient species termed "Ni-I" has been detected spectroscopically upon phototriggered chemical reduction of the Ni-SI state of a [NiFe]-hydrogenase from Pyrococcus furiosus, and suggested, tentatively, to be identical to one of the Ni-L species. 30 Here, we present new results obtained in a study of Hyd-1 from E. coli. Following up on the original observations mentioned above, 18 we have conducted potential-controlled experiments over a wide pH range, using both EPR and IR spectroscopy. Our investigations reveal, unambiguously, that a pH-dependent interconversion between Ni-L and Ni-C occurs freely, and in the dark, and Ni-L is favored under more basic conditions. The IR measurements show that interconversion is fully reversible even at room temperature, and pulse EPR studies show that low-temperature illumination of the Ni-C state that dominates at low pH yields a Ni-L state, as expected. As confirmed by EPR spectra at 10 K, both proximal and medial clusters are reduced at the potentials chosen for the measurements, offering one clue as to why the experiments with Hyd-1 readily reveal such an otherwise reactive state.
■ METHODS
Hyd-1 was purified from E. coli cells as previously described and stored in liquid N 2 . 23 All reagents used to prepare spectroscopic samples were of analytical grade and high-purity water (Milli-Q, Millipore 18 MΩ cm) was used throughout. All gases were supplied by BOC.
For continuous wave (CW) EPR spectroscopy, measurements were carried out using an X-band (9.1−9.9 GHz) EMX spectrometer (Bruker BioSpin) equipped with an X-band superhigh-sensitivity probehead (Bruker). Background spectra were recorded for the empty resonator and subtracted from all experimental scans and EPR simulations were performed in MATLAB, using the EasySpin toolbox. 31 For X-band pulse EPR spectroscopy, a Bruker BioSpin EleXsys E680 was used with a MD5 resonator in an Oxford Instruments CF-935 cryostat. Samples were prepared by exchanging samples of Hyd-1 into buffer solutions containing 0.1 M sodium phosphate, 0.05 M sodium succinate, 0.05 M sodium chloride and 10% glycerol. The buffer salts were chosen to provide buffering capacity over a wide range of pH values (pK a values = 2.15, 7.20 for phosphate; 4.21, 5.64 for succinate) while minimizing the change in pH with temperature (d(pK a )/dT = 0.0044, −0.0028, −0.0018, 0.0, respectively). 32, 33 Samples were prepared in a water-jacketed glass cell containing a small stirrer bar, that included a micro-pH electrode (Orion 9110DJWP double-junction) to allow pH adjustment with small volumes of NaOH and HCl. The cell also contained a Ag/AgCl microelectrode (WPI, DRIREF-2), calibrated with quinhydrone at pH 4 and 7, as combined reference/counter electrode, and a platinum wire as working electrode. The potential was monitored using a PGSTAT128N potentiostat (Metrohm Autolab), and all values were converted to the Standard Hydrogen Electrode (SHE) scale using the correction E SHE = E Ag/AgCl + 0.207 V at 20°C. The enzyme solution in pH 6 buffer was first activated by reducing under a flow of H 2 for between 30 and 40 h, which ensured that even recalcitrant states (including Ni-A and other "unready" states) were activated. 34 The redox mediators benzyl viologen, methyl viologen and 2-hydroxy-1,4naphthoquinone were added in approximate molar equivalence to the enzyme to ensure that equilibration times were minimized. 35 The pH of the solution was then adjusted by addition of small volumes of NaOH or HCl, and a sample was taken at each pH in turn. The potential was 
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Article adjusted, as needed, to more positive values by adding small volumes of a solution of K 3 [Fe(CN) 6 ] (0.20 M) and to more negative values by including H 2 (1−2%) to the continuous flow of Ar (50 sccm) that was maintained during the titration using a mass flow controller (Sierra Instruments). Once the desired electrochemical potential was reached and had stabilized, samples were transferred quickly to 3.8 mm standard quartz EPR tubes, using the gas flow pressure to force enzyme solution through a narrow stainless steel delivery tube. After each enzyme sample was transferred, the EPR tube was covered with an Al foil jacket to block all ambient light; then, after 1 min in the dark at room temperature, the sample was flash-frozen in liquid N 2 . All potentials are stated as the reading made at the time of transfer of enzyme to the tube, and errors are estimated to be at least ±5 mV. The entire samplemaking process was carried out under N 2 in a glovebox (<5 ppm of O 2 , Belle Technology). An infrared camera with low-power 940 nm LED illumination was used to guide removal of the foil cover and transfer of the sample into the EPR spectrometer. Photoconversion of the samples from Ni-C to Ni-L was achieved with either a low-intensity light source (Newport Oriel 300 W Xe arc lamp with a 10 cm water filter and liquid light guide) for the CW EPR experiments, or an Opotek, Inc. Opolette HE 355 laser tuned to 550 nm for the study made with X-band HYSCORE.
For attenuated total reflectance (ATR)-IR spectroelectrochemistry, sample preparation and measurements were carried out in a N 2 -filled glovebox (<1 ppm of O 2 , Glovebox Technology Ltd.). Spectra were recorded using a Varian 680-IR spectrometer equipped with a liquid N 2 -cooled mercury cadmium telluride detector and a custom-modified ATR accessory (GladiATR, PIKE Technologies) with a Si internal reflection element (IRE, Crystal Gmbh). Hyd-1 was adsorbed on carbon black particles (BP2000, Cabot Corporation) by mixing a sample (40 μL, 6.3 mg mL −1 ) with an aqueous dispersion of carbon black (5 μL, 20 mg mL −1 ) and incubating at 0°C for 1.5 h before washing the particles to remove unadsorbed enzyme. Enzyme-modified particles (1 μL of the final dispersion) were then deposited onto the Si IRE. The working electrode comprised the layer of enzyme-modified carbon black particles covered with a piece of carbon paper (Toray) and a graphite rod connector. The ATR-IR spectroelectrochemical cell was also equipped with a saturated calomel reference electrode (SCE) and a platinum wire counter electrode. Potentials were converted to the SHE scale using E SHE = E SCE + 0.241 V at 20°C. The cell design prevented exposure of the enzyme sample to UV−visible light during experiments. The adsorbed Hyd-1 was activated in pH 6 buffer, at a potential of −594 mV under 1 bar H 2 for 1 h (see Supporting Information, Figure S1 ). For potential-controlled IR measurements at different pH values, the cell was filled with the solution buffered at the desired pH, then spectra were recorded (at 4 cm −1 resolution with an acquisition time of 345 s) at specific potentials under static solution conditions (allowing H 2 , an inhibitor, to accumulate and suppress turnover). The potential was controlled using an Autolab PGSTAT128N potentiostat (Metrohm Autolab). Baseline subtraction was carried out using Origin 9.1, and special care was taken to avoid distorting peak shapes through the choice of baseline anchors with reference to corresponding second derivative spectra.
■ RESULTS
A set of EPR spectra measured at 60 K showing the interconversion between E. coli Hyd-1 Ni-L and Ni-C as a function of pH is shown in Figure 1 . The potential was varied to compensate for the pH-potential dependence (vide infra) that affects the optimum signal intensity. At pH 8.0 and at a potential of −279 mV, the EPR spectrum, with g x = 2.33, g y = 2.14 and g z = 2.05, is similar to examples recorded previously for the dominant Ni-L state that is generated in various [NiFe]hydrogenases by low-temperature illumination. 11, 27, 36 At pH 3.0, −60 mV, the spectrum has converted to that of Ni-C, with g x = 2.21, g y = 2.14 and g z = 2.01. Viewed overall, Ni-L converts to Ni-C as the pH is decreased, although faint signals with g values similar to those reported for the Ni-L2 and Ni-L3 states of R. eutropha MBH (g xyz = 2.27, 2.11, 2.05 and g xyz = 2.24, 2.11, 2.05, respectively) persist even at pH 3.0. 27, 36 The three-line feature centered at g = 2.01 has been noted in other reports: it becomes most prominent at pH 3.0 and mostly likely stems from degraded enzyme. 18, 28, 37 Figure 2 shows the ν CO region of IR spectra recorded for Hyd-1 at pH 3 and pH 9, at potentials −54 and −334 mV, respectively. The assignment of peaks to specific active-site states is fully consistent with that reported for other hydrogenases. 1 Specifically, the peaks at 1867 and 1877 cm −1 correlate closely with previously reported ν CO bands for Ni-L states produced by low-temperature illumination of Ni-C in the enzyme (Hase I) from A. aeolicus. 28 The spectrum recorded at pH 3 shows a high concentration of Ni-C (1952 cm −1 ) with small amounts of Ni-L together with some Ni-SI and Ni-R. The spectrum at pH 9.0 shows Ni-L and Ni-R states with no Ni-C. Figure 3 shows how the concentrations of the Ni-C and Ni-L states, as measured by the IR intensity of the ν CO bands, depend 
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Article upon potential for three different pH values, pH 8, 6, and 4. Although the ratio between Ni-C and Ni-L depends on pH, the two species share the same potential dependence, which averages approximately −0.048 V/pH unit over the entire pH range (Supporting Information Figure S2 ). This slope signifies a one-electron transfer process coupled to one-proton transfers occurring at multiple sites having a spread of pK values. Although there was no merit in attempting to analyze the dependence further, the data were used to select potentials for the EPR and IR measurements shown in Figures 1 and 2 in order to optimize the signal strength from Ni-L and Ni-C species. The results shown in Figure 3 are also significant because they show that the effect of pH is to influence more where the proton resides within the enzyme (either on a metal or an amino acid) rather than simply control the overall acid− base equilibrium with solvent. Figure 4 summarizes the results of pH titrations, in which the proportions of Ni-C and Ni-L species, observed by both IR and EPR spectroscopies, are plotted together as a function of pH. The IR data were obtained at ambient temperature with direct electrochemical control and have not been normalized. Catalytic turnover (proton reduction) observed by protein film electrochemistry in Hyd-1 samples at low pH 38 was suppressed by accumulation of H 2 under the static conditions at the electrode surface. In contrast, the EPR data were obtained with frozen samples prepared under equilibrium conditions with trace H 2 present to adjust the potential. Despite these very significant differences in sample preparation, which probably underlie the fact that the two experiments observe different distributions of Ni-L species, the data obtained by the two methods are in broad agreement and show that Ni-L and Ni-C interconvert simply by changing the pH. The differences in detail, i.e., the shifts in crossover point and the fact that the EPR data follow more closely a curve appropriate for a single protonation site whereas the IR data indicate more than one site, must be judged against the facts that the temperature at which the samples are measured differs by over 230 K and we are comparing fluid and frozen states.
Earlier EPR-based redox titrations on Hyd-1 established the midpoint potential for the proximal [4Fe−3S] 4+/3+ and medial [3Fe−4S] +/0 couples to be +30 and +190 mV, respectively, at pH 6.0. 18 Accordingly, the presence of reduced proximal ([4Fe−3S] 3+ ) and medial ([3Fe−4S] 0 ) clusters in the samples prepared for Figure 1 was confirmed by the EPR spectra of those same samples measured at 10 K ( Figure 5) . The lowtemperature spectra also reveal splitting of the Ni-C and Ni-L signals (easily observed in the g x component) due to spin coupling with the proximal [4Fe−3S] 3+ cluster (S = 1/2).
To address whether the Ni-C species prepared at pH 4.0 is "normal", i.e., it contains a strongly coupled proton (Nicoordinated hydrido ligand) that can be photolyzed, we performed X-band HYSCORE before and after illumination. As seen in Supporting Information (Figure S3 ), the simulations of the HYSCORE spectra observed at g = 2.18 agree well with the hyperfine coupling values reported for the Ni-C species formed in the regulatory [NiFe]-hydrogenase from R. eutropha. 4 The hydride signal photolyzes at low temperature and anneals at 200 K, as also observed previously. 4 Continuous wave EPR spectra measured before and after illumination (Supporting Information Figure S4 ) reveal almost complete conversion of Ni-C to Ni-L (as observed at g z ) but with more than one Ni-L species being formed, as evident from the two values for g x . 
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■ DISCUSSION
Our results reveal that a reaction pathway from Ni-C to Ni-SI via a stable Ni-L state, in which H + has started its migration from the Ni−Fe bond, is fully appropriate for Hyd-1. The EPR data at high pH show a single Ni-L state, whereas the IR data show two Ni-L states: that more than one Ni-L state exists, albeit depending on enzyme and conditions, is fully in accordance with the findings of others. [7] [8] [9] [10] [11] 27, 36 It has long been tacitly assumed, on the basis that Ni-L is detected only under unusual conditions, that oxidation of Ni-C proceeds in a single proton-coupled electron-transfer (PCET) process. This scenario would either involve synchronous proton−electron transfer or at least require that proton transfer is rate-limiting for no intermediate to be detected. The discovery of a pH-dependent equilibrium between the Ni-C and Ni-L states of Hyd-1 now shows that the proton and electron transfer steps need not be coupled, and it is worth considering why this is so easily observed in Hyd-1.
The facts that both Ni-L and Ni-C species are isopotential over a wide pH range (Figure 3 ) while the reduction potential for the couple [Ni-C/Ni-L]-to-[Ni-SI] shows a −0.05 V/pH slope over the same range (one-electron transfer coupled to single proton transfer at more than one site) mean that both Ni-C and Ni-L bind a single H + (albeit at different sites in the extended active-site region) that escapes to solvent only when oxidation to Ni-SI occurs. This result is fully consistent with the Ni-C to Ni-L conversion involving the proton migrating only a short internal distance, so it remains within the extended active site or its close surroundings. At the same time, the active site is able to "sense" the external pH, which favors Ni-L at high pH and Ni-C at low pH, in other words (and following the interpretation of Neese and co-workers 12 ) the proton affinity of the acceptor site increases relative to that of the Ni−Fe bond as the pH increases. The immediate proton acceptor has been proposed to be one of the terminal thiolate ligands to Ni 39 (which connects, via a conserved glutamate, 40 to a protontransfer pathway to bulk solvent), although this is not so far proven.
In terms of the identity and arrangement of atoms, the region around the active site of Hyd-1 is very similar to that of other [NiFe]-hydrogenases. Subtle structural features which may alter the difference in proton affinity between the Ni−Fe bond and neighboring acceptor sites and thus shift the tautomeric equilibrium, may be difficult to detect. In studies of the O 2tolerant Hase I from A. aeolicus, it was noted that the hydride ligand in the Ni-C state appeared less tightly bound than in O 2sensitive hydrogenases. 28 Indeed, the EPR spectra of Hase I prepared at pH values above 6.4, under dark conditions, also showed trace amounts of Ni-L in addition to Ni-C.
It was shown by Lubitz and co-workers that photolysis of a deuteride between the Ni and Fe leads to a spectrum having only small 2 H hyperfine couplings, consistent with weakly coupled, exchangeable deuteron locations. 4 With the HYS-CORE data acquired for Ni-C prepared at pH 4.0 (Supporting Information, Figure S3 ) the largely dipolar hyperfine coupling of the bridging hydride is replaced, upon photolysis, by signals that are characteristic of cysteine ligand β-protons with large isotropic components related to their beta dihedral angle. 41 The heterogeneity of Ni-L species that appear under different conditions is probably a consequence of the Ni-L protonation sites varying in their proton affinities and in the distances over which the proton has to transfer.
Taking these facts together, the logical conclusion is that Ni-L is a true intermediate, in this case a state in which the proton has started its migration from the active site ahead of electron transfer. The results herein complement those described in the recent report by Tai et al. 29 who proposed that the Ni-C to Ni-SI conversion is "gated" by the redox state of the proximal Fe−S cluster. It may be no coincidence that Hyd-1 and similar O 2 -tolerant [NiFe]-hydrogenases are characterized not only by the presence of the unusual [4Fe−3S] 5+/4+/3+ cluster that can transfer an extra electron, but also by the fact that both proximal and medial clusters have unusually high reduction potentials, 18, 22 which are significantly more positive than the Ni-SI/ Ni-L potential under any pH conditions (Figure 3 ). Consequently, a kinetic argument favoring the appearance of Ni-L is that at the potentials required to optimize both Ni-C and Ni-L in Hyd-1, the immediate electron acceptor sites are fully occupied ( Figure 5 ), impeding the elementary electron transfer step that converts Ni-L to Ni-SI. Assuming the proton associated with Ni-L can escape easily to solvent, it follows that Ni-L rather than Ni-C should be the dominant catalytic intermediate at the one-electron stage, because the electron transfer that converts Ni-L to Ni-SI, which can react with H 2 to restart the catalytic cycle, may become rate limiting.
The wide pH dependence of the Ni-C/Ni-L ratio shows that the shift in proton affinity from the Ni−Fe bond to an adjacent base located in the extended active site is controlled by a mechanism that allows the active site to sense and respond to the external pH. The transition (particularly as observed by IR at ambient temperature) does not follow any simple fit to a single proton equilibrium, and it is likely that the switch between Ni-C and Ni-L involves pH-sensitive changes in the alignment of the many proton-transferring groups that lead from the enzyme surface to the active site. Nor does the shift correspond to any change in absolute activity of the enzyme, although Hyd-1 becomes a proficient H 2 producer at low pH, 38 a property that is attributed to the improved matching in potentials between the 
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Article Fe−S clusters (a model implicates the distal cluster) and the 2H + /H 2 couple. 42, 43 It will now be important to examine whether Ni-L makes an appearance in other [NiFe]-hydrogenases, most obviously those that are O 2 -tolerant, when spectroscopic experiments are carried out over an extended high pH range. The fact that Ni-L is available as a normal state of Hyd-1 may now be of great value in further mechanistic studies.
■ ASSOCIATED CONTENT * S Supporting Information Infrared spectra of Hyd-1 adsorbed on carbon black particles before and after activation under H 2 . Graph showing how the potential at which the Ni-C and Ni-L peaks have maximum combined intensity varies as a function of solution pH. X-band HYSCORE spectra of a wild-type Hyd-1 sample, pH 4.0, at g = 2.18, before and after illumination. X-band CW EPR spectra of Hyd-1 at pH 3.0, showing the effect of illumination. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/jacs.5b03182.
